To gain insight into the genetic mechanisms of photoreceptor development, we analyzed a collection of zebrafish mutations characterized by early photoreceptor cell loss. The mutant defects impair outer segment formation and are accompanied by an abnormal distribution of visual pigments. Rods and different cone types display defects of similar severity suggesting that genetic pathways common to all photoreceptors are affected. To investigate whether these phenotypes involve cell-cell interaction defects, we analyzed genetically mosaic animals. Interaction of niezerka photoreceptors with wild-type tissues improves the survival of mutant cells and restores their elongated morphology. In contrast, cells carrying mutations in the loci brudas, elipsa, fleer, and oval retain their defective phenotypes in a wild-type environment indicating cell-autonomy. These experiments identify distinct phenotypic categories of photoreceptor mutants and indicate that zebrafish photoreceptor defects involve both cell-autonomous and cell-nonautonomous mechanisms. q
Introduction
The vertebrate neural retina is responsible for receiving visual signals from the environment. The visual information is initially collected by several types of functionally distinct photosensitive cells, known as photoreceptors. These cells are found in an anatomically distinct cell layer termed the photoreceptor cell layer (PRCL). In the course of development, photoreceptors and other retinal cell types alike originate from a single sheet of undifferentiated and pluripotent neuroepithelial cells. A great deal of information about the developmental origins of retinal cell identities has been gathered from lineage analysis (Turner and Cepko, 1987; Holt et al., 1988; Wetts and Fraser, 1988) , in vitro studies (Watanabe and Raff, 1990; Harris and Messersmith, 1992; Ezzeddine et al., 1997; Levine et al., 1997) , and in vivo manipulations of gene function (Furukawa et al., 1997; Ohnuma et al., 1999; Ng et al., 2001 ). The genetic mechanisms controlling the development of vertebrate photoreceptor cells are, however, still largely unknown.
Current models propose that both environmental cues and the ability of pluripotent progenitor cells to respond to them change over time, resulting in the appearance of distinct retinal cell types (reviewed in Cepko et al., 1996; Harris, 1997; Cepko, 1999) . The acquisition of photoreceptor cell identity is thought to be influenced by a number of both extrinsic and intrinsic factors. These include secreted polypeptides, hormones, trans-membrane and nuclear receptors, and transcriptional regulators. Among the best studied of these are sonic hedgehog, ciliary neurotrophic factor, thyroid hormone, fibroblast growth factor receptor, retinoic acid, the crx homeobox gene, and the nrl bZIP factor (Hyatt et al., 1996; Kumar et al., 1996; Chen et al., 1997; Ezzeddine et al., 1997; Furukawa et al., 1997 Furukawa et al., , 1999 Levine et al., 1997; McFarlane et al., 1998; Ng et al., 2001) . Several molecules have also been shown to play a role in more specific aspects of photoreceptor differentiation such as outer segment formation. The best known of these are peripherin/rds and the rod opsin gene (Connell et al., 1991; Lem et al., 1999; Loewen and Molday, 2000) . Insights into the development of the retina in general and photoreceptor cells in particular have been generated by several approaches. One very productive source of information was the study of mutant animals, predominantly mice (Jansen and Sanyal, 1984; Gan et al., 1996; Furukawa et al., 1999; Lem et al., 1999; Akhmedov et al., 2000) . This line of research has recently benefited from several genetic screens performed in zebrafish that led to the identification of numerous mutations affecting photoreceptor cells.
The zebrafish is an attractive genetic model for studies of the vertebrate retina (reviewed in Malicki, 2000a,b) . The embryonic development of the zebrafish eye including morphogenetic movements, cell proliferation, cell death, the expression of cell type specific markers, and the differentiation of characteristic morphological features of individual cell classes have been described in the zebrafish retina in detail (Nawrocki, 1985; Kljavin, 1987; Dowling, 1994, 1999; Li et al., 2000a,b) . Zebrafish photoreceptor cells become postmitotic between 43 and 48 h postfertilization (hpf) and shortly thereafter develop their characteristic elongated morphology. The ultrastructural features of the mature photoreceptors such as the outer segments and synaptic ribbons appear by 54 and 62 hpf, respectively, and are well differentiated throughout the retina by 72 hpf. As assayed by behavioral tests, the retina is functional by ca. 72 hpf (Easter and Nicola, 1996) . In parallel to embryological studies, genetic screens have led to the isolation of over 30 mutant alleles affecting photoreceptor cells. The phenotypes of these mutations vary in their time of onset, severity, and specificity. While some produce very limited phenotypic abnormalities exclusively in the retina, others also affect pigmentation, motility, brain and kidney development (Malicki et al., 1996; Brockerhoff et al., 1998; Neuhauss et al., 1999) .
Cell-cell interactions play important roles in the development of many organs, tissues, and cell types. Also in the retina, such interactions are of key importance at multiple stages of development (Mullen and LaVail, 1976; Watanabe and Raff, 1990; Malicki and Driever, 1999; Jensen et al., 2001; Pujic and Malicki, 2001 ). Studies of genetically mosaic animals indicate that cell-cell interactions play important roles in photoreceptor development. Mosaic analysis of mutations in the rod opsin, peripherin and the mikre oko genes, showed that their phenotypes display cellnonautonomous behavior (Huang et al., 1993; Kedzierski et al., 1998; Doerre and Malicki, 2001 ). These observations are consistent with the studies of human photoreceptor abnormalities. Both rods and cones are affected by mutations in the human rod opsin gene, which is exclusively expressed in rod photoreceptor cells (Dryja and Li, 1995) . One interpretation of the mosaic analyses performed so far that cannot be entirely excluded is that cell-nonautonomy of photoreceptor phenotypes reflects a non-specific toxic effect resulting from massive death of photoreceptor cells in mutant retinae (Huang et al., 1993; Kedzierski et al., 1998) . If this interpretation is correct, cell-nonautonomy could be a generic phenotype detectable in all photoreceptor mutants. To evaluate this possibility a systematic study of cell-nonautonomy in multiple photoreceptor mutants is needed.
Here we present the analysis of several mutations affecting five loci, brudas (bru), elipsa (eli), fleer ( flr), niezerka (nie), and oval (ovl), that interfere with the early development of the PRCL (Malicki et al., 1996; Drummond et al., 1998; Neuhauss et al., 1999) . All these mutations display defects in photoreceptor morphogenesis by 3 days postfertilization (dpf). While some specifically affect outer segment formation, others produce abnormalities in other photoreceptor cell features. The developmental defects of photoreceptor cells are accompanied by abnormal opsin distribution. Comparison of mutant phenotypes suggests the presence of at least two, but possibly more distinct phenotypic categories. The mutant niezerka along with the previously described mikre oko (Doerre and Malicki, 2001) display photoreceptor deficit that originates in the retinal periphery, is accompanied by a loss of normal Muller glia morphology, and is characterized by partial cell-nonautonomy. The remaining mutants display cell loss in the central retina first, affect Muller glia to a lesser degree, and are cellautonomous. These results indicate that cell-nonautonomy of photoreceptor phenotypes is characteristic of a subgroup of mutant loci and most likely reveals defective interaction(s) between photoreceptors and their environment.
Results
2.1. Mutations in the bru, eli, flr, nie, and ovl loci reveal two distinct patterns of photoreceptor loss
In the vertebrate eye, photoreceptor cells form a layer (PRCL, also known as outer nuclear layer) characterized by radially elongated cell nuclei adjacent to the retinal pigmented epithelium (RPE), and separated from the inner nuclear layer (INL) by a synaptic outer plexiform layer (OPL). The PRCL is readily apparent in histological sections of wild-type zebrafish retinae at 3 and 5 dpf (Fig.  1A,G) . Histological analysis of mutant retinae demonstrates two patterns of photoreceptor cell loss. The first is caused by bru, eli, flr, and ovl mutant alleles. In these mutants, the first pyknotic cells are observed in the central or ventral retina (Fig. 1A-F, insets) . In ovl and flr, the PRCL appears largely normal at 3 dpf, although densely staining pyknotic nuclei and morphological abnormalities are already visible in the central retina upon close inspection (arrows in Fig. 1B ,C and insets therein). By 5 dpf, large empty spaces, presumably caused by cell death, appear in the central PRCL, while the periphery remains relatively intact (Fig. 1H,I ). eli and bru share this pattern although the photoreceptor cell defects in these mutants become obvious at earlier stages. By 3 dpf, cell death appears frequently in these mutant lines (Fig.  1D,E) . By 5 dpf, the majority of the central PRCL is absent, while the peripheral retina remains relatively well preserved (Fig. 1J,K) . In ovl, flr, eli, and bru, the entire INL appears largely intact at early stages, with all morphologically distinguishable cell types represented, including horizontal cells. eli and bru loci are represented by two alleles. The retinal phenotype of eli tp49d is similar in strength to eli m649 , while the bru m148 allele is markedly stronger than bru tw212d . Cell loss in bru m148 mutant retinae is pronounced at 3 dpf (Fig. 1E ), while few degenerating cells are obvious in bru tw212d (Fig. 1F) . Unless specified differently, all studies described in this work were performed using the alleles bru In the second pattern of photoreceptor cell loss, visible in nie at 5 dpf, the majority of cells throughout the periphery of the PRCL display a rounded appearance and only very few elongated photoreceptors are observed in the center of the retina (Fig. 1L ). The ganglion cell layer frequently appears misshapen. This pattern of photoreceptor cell defects is similar to these previously described in the mutants not really finished (nrf ) and mikre oko (mok) (Becker et al., 1998; Doerre and Malicki, 2001) . The nie locus is currently represented by a single allele.
By 7 dpf, the central retinae of all mutants no longer contain any morphologically distinguishable photoreceptors (see below and data not shown). No morphological defects outside the retina are obvious in nie embryos. bru larvae Fig. 1 . Histology. Transverse sections through central retinae near the optic nerve. (A, G) Wild-type retinae display a continuous, uniform layer of elongated photoreceptor cells (PRCL, indicated by arrows) at both 3 dpf (A) and 5 dpf (G). (B, C) The PRCL of ovl and flr retinae at 3 dpf appears relatively normal, although the first pyknotic nuclei are occasionally seen in central and ventral retinae (arrows). In flr, a small region of the ventral PRCL appears to be disorganized, presumably due to cell death (inset). (D, E) eli and bru exhibit a greater extent of cell death in central retinae (arrows), while the peripheral photoreceptor cells maintain elongated morphology. Inset in (D) shows a relatively mild case of the eli phenotype. Cell death is first observed in central retina somewhat dorsal to the optic nerve. (F) The carriers of bru tw212d mutant allele are less severely affected than bru m148 mutant animals. Their PRCL is largely intact at 3 dpf, although the first pyknotic nuclei are present in the central retina (arrows). At 5 dpf, the mutant retinae of ovl (H) and flr (I) exhibit extensive pyknotic regions. The central PRCL of eli (J) and bru (K) is absent by this stage. The peripheral PRCL of these mutants contains elongated photoreceptors, however, (arrowheads). (L) nie retinae at 5 dpf are smaller and lack the majority of photoreceptor cells. The surviving photoreceptors localize to the central retina (arrowheads) and sometimes display elongated morphology. Remnants of the OPL are also visible in the central retina. Asterisks indicate the optic nerve. In all panels, lens is left and dorsal is up. Genotypes are indicated at the bottom of each panel.
suffer from progressive paralysis starting at 3 dpf, pigmentation abnormalities, pericardial and periocular edema, while eli, flr, and ovl larvae are affected by pronephric abnormalities, trunk curvature, and general edema. Mutant larvae do not survive past 7 dpf (bru) or 10 dpf (eli, flr, nie, and ovl).
To better understand the two modes of photoreceptor loss, a time course of immunohistochemical staining was performed in all five mutants with Fret 43, an antibody specific for red/green double cones, the most prevalent photoreceptor subtype in early larval retinae (Larison and Bremiller, 1990) . The distribution of double cones is uniform throughout the wild-type PRCL from 3 to 7 dpf ( Fig. 2A-D) . In ovl, flr, eli, and bru, Fret 43 staining reveals discontinuities in the central PRCL at 3-4 dpf (Fig.  2F ,J,N,Q). By 4 dpf in bru, 5 dpf in flr and eli, and 7 dpf in ovl, the central retina is almost completely devoid of photoreceptor immunoreactivity (Fig. 2H ,K,O,R), while the periphery retains a significant number of elongated, Fret 43-positive cells.
In contrast to the mutants discussed above, nie staining is less consistent in the peripheral retina beginning at 3 dpf ( Fig. 2U) . At 4-5 dpf, photoreceptor loss progresses as the number of Fret 43-positive cells decreases and they gradually take on a rounded, abnormal morphology ( Fig. 2V,W ; compare to wild-type in B,C). Photoreceptor immunoreactivity in nie is almost completely absent by 7 dpf (Fig. 2X) , although this phenotype is somewhat variable and occasional mutant retinae contain some Fret 43-positive cells. The time course and patterns of photoreceptor loss observed in all mutants via Fret 43 immunostaining were confirmed with in situ hybridization and/or immunohistochemistry for the red, green, UV, blue, and rod opsin gene expression at 3-7 dpf. (Table 1 , and data not shown). While all opsins are Each column corresponds to one mutant phenotype as indicated in top row. (A-D) At 3, 4, 5, and 7 dpf, wild-type retinae exhibit continuous photoreceptor staining throughout the PRCL. While ovl mutants initially develop a uniform PRCL (E), discontinuities of photoreceptor-specific staining appear starting in the central retina by 4 dpf (F; arrows). The PRCL deteriorates progressively thereafter (G, H). Some ovl photoreceptors survive at the retinal margin up to 7 dpf (arrowheads in H). (J) flr mutant animals display discontinuities in the central PRCL by 4 dpf (arrow). (K, L) The flr PRCL defects become progressively more pronounced at 5 and 7 dpf. (N) In eli, substantial photoreceptor loss in the central PRCL is visible by 4 dpf. (O, P) It becomes more severe at later stages of development. (H, L, P) In ovl, flr, and eli, the cell bodies and processes of Mueller glia retain their normal appearance at least until 7 dpf. (Q) The bru PRCL is severely affected by 3 dpf (arrow), and the entire retina, including Mueller glia, deteriorates rapidly between 4 and 7 dpf (R-T). (U) At 3 dpf, nie mutant retinae exhibit peripheral PRCL loss (arrows), as well as a reduction in Mueller glia. (V-X) These defects become progressively more pronounced at later stages of development. In all panels, lens is left and dorsal is up. Asterisks show the optic nerve. d, dpf.
initially expressed, they are quickly lost from the peripheral retina in nie and from the central retina in mutants of the ovl, flr, eli, and bru loci.
To quantitate the different mutant patterns of retinal cell loss, the percentage of photoreceptor cells remaining in the retinae of the three most severe mutant phenotypes was evaluated using Hoechst staining and immunohistochemistry with photoreceptor-specific antibodies. Using the Hoechst dye to visualize individual nuclei at 7 dpf, it was determined that the number of cells in the wild-type PRCL accounts for 19.2% of the total number of cells. Immunostaining revealed that approximately two-fifths of wild-type photoreceptor cells are Fret 43-positive while the rest express UV, blue, or rod opsins (Table 1 ; Fig. 2D ). In the mutant eli at 7 dpf, photoreceptor-specific staining decreases to 18.5% of wild-type levels. When only the central retina, excluding the dorsal-and ventral-most regions of the PRCL, is scored this percentage decreases further to 0% (Table 1 ; Fig. 2P ). In agreement with these observations, Hoechst staining reveals that the PRCL of eli retinae retains photoreceptor nuclei predominantly in the periphery (Table 1) . In nie at this stage, the PRCL is no longer clearly distinguishable, and only 8.5% of cells are positive for photoreceptor markers compared to the wildtype (Table 1 ; Fig. 2X ). Photoreceptor loss in bru at 5 dpf is even more severe, with only 2% of photoreceptor markerpositive cells surviving compared to the wild-type (Table 1 ; Fig. 2S ). In all three mutants, rates of photoreceptor loss are roughly similar for different cell types, although rods consistently persist somewhat longer than other photoreceptors (Table 1) . This may be due to the presence of rod precursors in the PRCL that continue to generate this cell type (Marcus et al., 1999) .
In wild-type retinae, cells of the ganglion cell layer (GCL) and INL comprise 19.3 and 61.5% of the total cell number, respectively (Table 1) . In eli, the number of cells in these layers appears unchanged, consisting of 23.4 and 69.6% (Table 1) . In nie retinae, however, while the average number of GCL cells appears similar to the wild-type (153 vs. 170, respectively), there is a significant decrease in the number of INL cells (358 vs. 542; Table 1 ). In bru retinae at 5 dpf, both the GCL and the INL display significant decreases in the average number of cells compared to the wild-type (103 vs. 153 in GCL, 390 vs. 561 in INL; Table  1 ). Compared to normal retinae, only 57% of cells are present in bru retinae at 5 dpf, likely due to extensive cell death observed in this mutant phenotype (Table 1 ; Fig. 2S ).
The expression patterns of photoreceptor-specific markers demonstrate that photoreceptor development is impaired at very early stages in mutant retinae. Although all photoreceptor types are initially specified in all five mutants, within a relatively brief period of time the majority of them are lost at approximately similar rates. These observations suggest that the mutations under investigation affect mechanisms that play essential roles in photoreceptor differentiation and that these mechanisms are shared by all photoreceptor types.
Mutant phenotypes affect different aspects of photoreceptor morphogenesis
To gain a better understanding which aspects of photoreceptor morphogenesis are affected in each of the mutant phenotypes, we performed electron microscopic analysis. At 3 dpf, wild-type photoreceptor cells display elongated nuclei, well differentiated outer segments apposed to the RPE, and clusters of mitochondria in the intervening inner segments (Fig. 3A , inner segments indicated with asterisks, outer segments with white arrows). In the mutants eli, flr, and, ovl, although photoreceptor nuclei are elongated and inner segments are well developed, there are no outer segments throughout the entire retinae ( Fig. 3B-D) . bru retinae appear somewhat more severely affected in that the distance between the OPL and the RPE seems shortened, although nuclei appear elongated and largely intact (Fig.  3E ). This could be due to the fact that both outer and inner segments do not form in this mutant. Additionally, a significant amount of cell death is apparent within the PRCL as densely staining pyknotic nuclei (Fig. 3E , cell corpses indicated by 'p'). nie retinae at 3 dpf develop a well-formed PRCL, but outer segments form less frequently compared to the wild-type and are often abnormally shaped, misoriented, Table 1 Quantitation of cell loss in mutant retinae
a Cells were visualized by Hoechst nuclear staining (H) or by the expression of photoreceptor-specific molecular markers (F) at indicated stages. Average number of cells and a standard deviation are given for each time point/genotype combination. n $ 5 retinae for each data point. Total (H), total number of cells in all retinal layers as scored by nuclear staining; GCL (H), number of cells in the ganglion cell layer; INL (H), number of cells in the INL; PRCL, total number of photoreceptors as scored by nuclear staining (H) or immunolabeling with photoreceptor-specific antibodies (F); R/G (F), Blue (F), Rod (F), and UV (F), number of photoreceptors detected with photoreceptor type-specific markers, Fret 43, blue opsin, rod opsin, and UV opsin, respectively. or composed of only fragments of membranous disc-shaped material (Fig. 3F, white arrows) . nie inner segments are fewer and also often misaligned (Fig. 3F, asterisks) . A substantial amount of cell death is detectable throughout the outer retina (not shown).
Outer segment formation in all mutants was quantitated on electron micrographs. On average, 27^2 outer segments were found per 100 mm of 3 dpf wild-type central retina (51 outer segments (OS) were counted over 189 mm of RPE). In ovl, flr, eli, and bru, only 1:1^0:1, 0:65^0:1, 0:5^0:4, and 0:8^0:1 outer segments were observed per 100 mm of retina (2 OS/183 mm; 1 OS/155 mm; 1 OS/ 222 mm; and 2 OS/238 mm, respectively). For nie, the average number of 12^0:25 outer segments per 100 mm (27 OS/220 mm) was higher than for other mutants but still well below the wild-type, in agreement with histological data (Fig. 3 and data not shown) .
Thus, morphological defects in the formation of nuclear regions, inner segments, or outer segments display varying degrees of severity. eli, flr, and ovl are primarily affected in outer segment morphogenesis, as other aspects of photoreceptor morphology, notably the inner segments, appear remarkably preserved. In contrast, nie and bru demonstrate less specific defects that affect inner segments as well. Although nie photoreceptor morphology is already somewhat abnormal at 3 dpf, its outer segment phenotype is relatively weak. In bru, eli, flr, and ovl, on the other hand, the outer segments are severely reduced or completely absent, a defect seldom observed at such early stages of photoreceptor development in zebrafish or mouse mutants. The absence Fig. 3 . Ultrastructural characterization of mutant photoreceptor phenotypes. Electron micrographs of 3 dpf retinae. (A) Wild-type photoreceptor nuclei are bound apically by ellipsoid mitochondria of the inner segments (asterisks) as well as prominent outer segments adjacent to the RPE (white arrows). In the ovl (B), flr (C), and eli (D), no outer segments are found, although the nuclei and the inner segments (asterisks) remain largely intact. (E) A bru PRCL contains no outer segments and appears more severely affected in that nuclei are shortened, inner segment formation is most often perturbed, and a high amount of cell death is apparent ('p' indicates pyknotic nuclei). (F) nie photoreceptor nuclei appear narrower. Their inner (asterisks) and outer (white arrows) segments tend to be misshapen and are observed less frequently than in the wild-type. In all panels RPE is up. of outer segments or outer segment debris indicates that mutant photoreceptors fail to complete early aspects of the normal differentiation program.
Visual pigments display abnormal distribution in mutant photoreceptors
In the absence of normal outer segments, the distribution of visual pigments is likely to be defective. We examined whether this is the case with antisera specific for different opsins. Mutant immunostaining patterns differ noticeably from wild-type retinae. At 3 dpf, wild-type rod opsin and cone opsins are concentrated at the apical ends of photoreceptors, in the nascent outer segments (Fig. 4A and data not  shown) . In contrast to that, in eli, flr, and ovl retinae, although photoreceptors seem relatively well formed, opsin staining is delocalized and distributed throughout the plasma membrane, with sporadic foci of staining mostly at either the basal or apical ends (Fig. 4B-D) . Similarly, in bru retinae, opsins are delocalized throughout a noticeably narrower PRCL (Fig. 4E) . In nie peripheral retinae, where photoreceptor cell loss first appears, opsins accumulate in foci distributed at random positions throughout the length of the cell body, rather than to evenly distribute throughout the plasma membrane (Fig. 4F ). The differences in visual pigment distribution in different mutants may reflect specific mechanisms of photoreceptor cell loss involved.
Both cell-autonomous and cell-nonautonomous mechanisms account for photoreceptor loss
The photoreceptor loss can be caused either by intrinsic defects in the photoreceptor cells themselves, or by defective cell-cell or cell-extracellular matrix interactions. To distinguish between these possibilities, genetically mosaic animals were constructed using the blastomere transplantation technique. In this method, cells are removed from a ubiquitously labeled donor embryo and placed into unlabeled hosts (Ho and Kane, 1990; Halpern et al., 1993; Malicki and Driever, 1999) . Descendants of donor cells retain the tracer and can be visualized by appropriate staining. The resulting embryos contain a mosaic of genotypically wild-type and mutant cells, which can be analyzed at later stages for photoreceptor development. A cell-autonomous mutant defect would be evidenced by the failure of mutant donor cells to form photoreceptors in a wild-type PRCL, whereas the rescue of mutant photoreceptors in a wild-type environment would indicate a cell-nonautonomous phenotype.
Wild-type donor-derived retinal clones in wild-type hosts contribute to all retinal cell populations including photoreceptors, identifiable by their shape and position within the retina (Fig. 5A, arrows) . In contrast, bru, eli, flr, and ovl mutant cells do not form photoreceptors in the central retina of wild-type hosts at 5 dpf and beyond although they are found to contribute to all other retinal layers ( Fig. 5B-E) . These observations show that the photoreceptor phenotypes of these mutants are cell-autonomous. Cell-autonomous behavior of some photoreceptor defects could be caused by the exclusion of mutant photoreceptor cells from wildtype PRCL. This is rather unlikely because remnants of tracer-stained mutant cells are present between wild-type photoreceptors in mosaic animals (insets in Fig. 5C ,E) suggesting that mutant photoreceptors undergo cell death Fig. 4 . Visual pigment distribution in mutant retinae. Confocal images of central PRCL immunostained for UV opsin (green) and rod opsin (red) at 3 dpf. (A) Wild-type staining pattern: the majority of opsin immunoreactivity is localized to the putative outer segments at the apical surface (arrows). (B-D) ovl, flr, and eli photoreceptors contain largely intact nuclear regions, yet the accumulation of opsins at apical ends of photoreceptors is much less pronounced than in the wild-type. Instead, opsins appear distributed throughout the plasma membrane with sporadic foci of staining scattered throughout the cell body (arrows). (E) bru photoreceptor nuclei are shortened and opsin immunoreactivity appears distributed similar to the previous three mutants. (F) In nie, rod and cone opsins display a punctate distribution (arrows). In all panels dorsal is up and lens is left. Genotypes are indicated at the bottom of each panel.
while residing in the PRCL. nie cells behave differently. Mutant nie clones in wild-type hosts not only contribute to all layers of the retina, but also form morphologically distinguishable, elongated photoreceptors surviving at least until 7 dpf (Fig. 5F ). This is about twice as long as photoreceptors maintain an elongated morphology in the nie mutant, indicating that the wild-type environment provides factor(s) that rescue the mutant photoreceptor phenotype.
The ratio of photoreceptors to other cell types formed in donor-derived clones was quantitated (Table 2 ). In wildtype donor clones in wild-type host retinae, approximately 21^0:8% of cells (Table 2 ) become photoreceptors by 7 dpf, roughly in agreement with our cell counts in wildtype retinae (Table 1 ). In bru, eli, flr, and ovl on the other hand, no or very few rescued mutant photoreceptors are detected (Table 2 ). In contrast to this result, 12^2:1% of 
. Mosaic analysis of photoreceptor mutants. Examples of mosaic retinae obtained by transplanting cells from mutant donors to wild-type hosts. In all panels, retinae are stained to visualize dextran-labeled donor-derived cells (red), Mueller glia (green), and double cones (blue). (A) Wild-type donor cells contribute to all retinal layers including the PRCL at 7 dpf (arrows). (B-E) ovl, flr, eli, and bru mutant cells do not contribute to the PRCL in a wild-type host environment (arrowheads). Insets in (C, E) show remnants of donor-derived cells in the PRCL suggesting that these cells disintegrated in this location. (F)
In contrast, nie clones do form photoreceptor cells in wild-type retinae at 7 dpf (arrows). These rescued photoreceptors display elongated although somewhat abnormal morphology (inset). White brackets indicate the PRCL. Dorsal is up and lens is left. Donor/host genotypes indicated at the bottom of each panel. 
a The quantitation of photoreceptor formation in cross sections through mosaic retinae processed for dextran tracer and photoreceptor-specific staining. Mosaic genotype is indicated in the left-most column. The ratio of donor cells displaying elongated photoreceptor morphology and/or marker expression to all donor-derived cells is provided. The same ratio is also expressed as a percentage in parenthesis. Due to the difficulty in detecting dextran tracer in the outer segments to recognize donor-derived photoreceptor cells in wild-type hosts, dextran staining in the nuclear region of the PRCL was primarily scored. n, number of clones analyzed.
b Analysis restricted to clones in the central retina. c bru transplants analyzed at 5 dpf.
nie transplanted mutant cells are able to form morphologically distinct photoreceptors in wild-type hosts. Thus approximately half of nie mutant photoreceptor cells survive until 7 dpf in mosaic retinae. This survival rate is significantly higher than the estimate of cell survival in unmanipulated mutant retinae. By morphological criteria, photoreceptor cells are no longer recognizable in the nie retinae by 7 dpf and by the criteria of opsin expression less than 10% of photoreceptor cells survive to this stage (Table 1 ). These observations show that the survival of nie photoreceptor cells can be partially rescued by wild-type environment. Thus, the mutant photoreceptor phenotypes of ovl, flr, eli, and bru are cell-autonomous; their development cannot be rescued by wild-type environmental cues and their defects are therefore due to intrinsic causes. In contrast, the photoreceptor phenotype of nie is partially cell-nonautonomous, suggesting a deficiency in interactions between photoreceptors and some aspect of their environment during development. For mutants eli and bru, we performed analysis of wildtype clones in predominantly mutant retinae. In both cases, wild-type photoreceptor cells survived at least until 7 dpf. The survival of wild-type cells in mutant environment was lower than in the wild-type retinae indicating a partial cellnonautonomy. This effect could be due to the toxicity of mutant retinae that display massive photoreceptor cell death or to a defect in cell-cell interactions. In small wildtype clones, photoreceptor cells found in mutant retinae displayed abnormal round morphology (not shown).
Horizontal cells and Muller glia are affected in nie retinae
Horizontal cells are clearly distinguishable in wild-type retinae as a layer of cells characterized by flattened morphology at the apical edge of the INL, just beneath the OPL, oriented tangentially to the radius of the retina (Fig.  1A,G) . In nie retinae, horizontal cells are not distinguishable at 7 dpf (not shown). It is uncertain whether this INL phenotype reflects a loss of horizontal cell morphology or a true absence of this cell type since there are no unique molecular markers to establish horizontal cell identity in embryonic zebrafish as yet. To investigate this phenotype further, we analyzed horizontal cell morphology in mosaic retinae. In 7 dpf wild-type to wild-type mosaics, 8:3^0:8% of cells form horizontal neurons (34/412 cells; n ¼ 12; Fig. 5A ) while in nie to wild-type mosaics, 9:3^1:9% do so (17/ 183 cells; n ¼ 7, not shown). The formation of well-shaped, properly oriented, and localized mutant horizontal cells in a wild-type host indicates that this aspect of the nie phenotype is cell-nonautonomous as well. The cell-nonautonomy of this phenotype may be a secondary consequence of photoreceptor loss.
Muller cells are the major glial component of the zebrafish retina, forming extensions toward the inner and outer limiting membranes (ILM and OLM, respectively, Cajal, 1914; Rodieck, 1973; Dowling, 1987) . In teleosts, the morphology of Muller glia can be visualized by immunohistochemical staining for carbonic anhydrase (Peterson et al., 2001) . In wild-type retinae, such staining clearly reveals elongated, irregularly shaped cell bodies, which localize to the center of the INL ( Fig. 2A-D) . Fine, radially oriented processes extend from these cells toward the GCL, forming the ILM, and into the PRCL, where they join to form the OLM. In eli, flr, and ovl retinae, Mueller glia appear normal and extend apical projections at least until 7 dpf even in the complete absence of an intact PRCL (Fig. 2F-H,J-L,N-P) . While the bru phenotype likely affects many retinal cell types, glial cell immunoreactivity can be observed in this mutant at 3 dpf, along with some extensions into the PRCL (Fig. 2Q-R) . In contrast, in nie retinae, Mueller glial cell morphology appears severely compromised by 3 dpf: carbonic anhydrase-positive cell bodies display a rounded shape and are mislocalized to the vitreal edges of the INL, while radial extensions are significantly fewer (Fig. 2U-X) .
The extent of Mueller glia development at 3.5 dpf was quantitated on transverse sections through the retina: in the wild-type, 81%^5:3 of glia are observed to extend processes into the PRCL (70 extensions/87 cell bodies; n ¼ 9). Likewise, in ovl, flr, eli, and bru, 74%^3:6, 85%^2:6, 77%^3:0, and 75%^6:3 of glia form such extensions (17/23, 29/34, 24/31, and 24/32, respectively; n ¼ 4 for each mutant). In nie, on the other hand, almost no extensions are observed (2:7%^1:6; three extensions/ 112 cell bodies; n ¼ 17). Thus, the morphology of glial extensions in nie retinae is already severely compromised at 3.5 dpf, even while the mutant PRCL still displays a relatively continuous appearance.
Discussion
We have characterized mutations of photoreceptor development that affect five loci. All of them display early and severe photoreceptor defects prior or concomitant to outer segment formation suggesting that the underlying mutant genes are involved in the development rather than the maintenance of photoreceptor cell fate. For this reason, we do not consider mutant phenotypes described in this work as degenerative. Electron microscopic analysis indicates that the specificity of photoreceptor phenotypes varies. eli, flr, and ovl display fairly specific outer segment defects. The bru and nie phenotypes are less specific affecting both inner and outer segments. In bru, these structures barely form while in nie they are frequently misshapen.
Cell death is a non-specific outcome of genetic defects in many aspects of photoreceptor biology. Malfunction of the phototransduction cascade or defects in retinoid matabolism are known to lead to photoreceptor death (Bowes et al., 1990; Perrault et al., 1996; Redmond et al., 1998 ). An absence of a specific photoreceptor cell feature such as the outer segment argues against the involvement of these mechanisms in a mutant phenotype. A specific absence of outer segments, such as the one present in eli, suggests a lack of a regulatory factor that initiates the assembly of this structure or the absence of a structural outer segment component.
Almost complete absence of outer segment formation has been previously described in mouse mutants of the peripherin/rds and the rod opsin loci. Since the expression of these two genes is restricted to the photoreceptor cells, they are unlikely to be responsible for the eli, flr, or tz2898b phenotypes, which also display defects outside the eye. Several reports of mutations affecting zebrafish eye development describe the occurrence of irregular or deformed photoreceptors at 5 dpf (Malicki et al., 1996; Fadool et al., 1997; Becker et al., 1998; Neuhauss et al., 1999; Doerre and Malicki, 2001) . With the exception of nrf and mok, however, these mutants have not been analyzed using electron microscopy. Although the nrf outer segment phenotype is reminiscent of nie, complementation tests have established that these mutations affect different loci.
Mutant photoreceptor phenotypes fall into at least two distinct categories
Several distinct patterns of photoreceptor loss have been observed in zebrafish mutants isolated so far and may provide clues to the mechanisms involved (reviewed in Malicki, 2000a,b) . The two most frequently found patterns are cell loss initiating in the central or the peripheral retina. The first is observed in the retinae of bru, eli, flr, pca, and ovl mutants; the second in the mutants nie, mok, and nrf (Malicki et al., 1996; Fadool et al., 1997; Becker et al., 1998; Drummond et al., 1998; Neuhauss et al., 1999; Doerre and Malicki, 2001) . Previous studies based the distinction between these two patterns solely on histological data. This analysis reveals two other differences. The two mutants characterized so far in detail that exhibit peripherally initiated photoreceptor loss also display severe glial defects and cell-nonautonomy. In contrast, the four mutant loci characterized to date that display centrally initiated cell loss do not involve obvious glial phenotypes and produce cell-autonomous phenotypes. It remains to be seen whether these characteristics correlate with the mode of cell loss also in other zebrafish mutants.
What could explain the presence of different cell loss patterns? In both larval and adult retinae of teleost eyes, cells are continuously added to the marginal zones so that the central photoreceptors are among the oldest in the developing retina (Marcus et al., 1999) . It seems likely that cell loss in the central retinae of bru, eli, flr, and ovl reflects a reduction in viability experienced by the oldest photoreceptors first. Mutant photoreceptors that arise later at the margin may accumulate the same cell-autonomous structural or biochemical defects as the central photoreceptors but because of their later birth date also die later. In contrast, nie and mok mutant photoreceptors could suffer from a shortage of a limiting extracellular factor. The earliest born photoreceptors could deplete the supply of such a hypothetical factor preventing later born cells from proper development and eventually causing their own demise. This model is consistent with the cell-nonautonomy of the nie and mok phenotypes. Several lines of evidence suggest the possibility that such a non-autonomous factor could be supplied by Mueller cells (reviewed in Zack, 2000) . This possibility is also supported by the presence of the Mueller glia defect in nie and mok retinae.
Detailed phenotypic comparisons allow one to subdivide mutant loci into further subcategories. The similarity between eli, flr, and ovl is particularly striking and may reflect the involvement of these loci in a common genetic pathway. First, mutations in all three loci are cell-autonomous and produce strong defects in outer segment formation. Second, in contrast to other mutants analyzed so far, the inner segments of eli, flr, and ovl photoreceptor cells are relatively intact and the morphology of Mueller glia is remarkably normal even in almost complete absence of photoreceptor cells. Finally, common to mutations of these three loci are pronephric defects. Interestingly, the combination of photoreceptor loss and kidney defects is also observed in several forms of human eye disorders including the Senior-Loken syndrome (Satran et al., 1999) .
Defects of the bru locus form a category of their own. The bru retinal defects are combined with progressive paralysis that develops in parallel to photoreceptor loss. The combination of blindness and paralysis resembles human neuronal ceroid lipofuscinosis, also known as Batten disease (Mole et al., 1999) . Thus the bru locus mutants, along with the mouse mnd and nclf mutant strains may be useful as genetic models of this human disorder (Chang et al., 1994; Bronson et al., 1998) .
Zebrafish photoreceptor loss involves both cellautonomous and cell-nonautonomous mechanisms
Several studies reported cell-nonautonomous photoreceptor loss in genetically mosaic animals. One possible interpretation of these results, discussed in previous studies, suggests that cell-nonautonomy results from non-specific toxic effects produced by dying photoreceptor cells (Huang et al., 1993; Kedzierski et al., 1998) . Using genetic mosaic analysis, we have demonstrated that while some zebrafish photoreceptor mutants exhibit cell-nonautonomy, several others display cell-autonomous phenotypes. We placed small clones of mutant cells in wild-type retinae and asked whether they will continue to display mutant phenotypes. This test of cell-autonomy is more stringent than the ones used in some previous studies because it excludes possible non-specific toxic effects on wild-type photoreceptors due to massive loss of mutant cells. Even in the case of this test, however, the cell-nonautonomous rescue of the nie phenotype could be interpreted as a result of removing mutant cells from the toxic environment of a retina affected by massive cell death. The observation that some mutants display a cell-autonomous behavior in this type of analysis while some others are cell-nonautonomous argues against such non-specific toxicity as the sole reason for cell-nonautonomy. It is also important to note that cellnonautonomy does not correlate with late-onset phenotypes, because an early photoreceptor loss caused by the mikre oko m632 allele is cell-nonautonomous, while a late photoreceptor deficit seen in the ovl mutant animals is cell-autonomous (this work and Doerre and Malicki, 2001) . Although cell-nonautonomy of nie and mok phenotypes may not necessarily imply a direct involvement of these loci in cell-cell interaction events, it most likely reflects a specific deficit present in these two mutants but not in bru, eli, flr, and ovl mutant animals. A lack of proper interaction between photoreceptor cells and Mueller glia could represent such a deficit.
The precise mechanisms underlying cell-nonautonomy of the nie phenotype can only be the subject of speculation at this point. In one possible scenario, cell-nonautonomy could be caused by a defect in photoreceptor-glia interactions. Another possibility is that cell-nonautonomous mutations specifically affect interactions between photoreceptor cells. These could be mediated either by direct cell-cell contact or by diffusible factors. Full understanding of the cellular and molecular mechanisms involved in cell-nonautonomy of photoreceptor phenotypes will require further experimental work.
Experimental procedures

Animals
Zebrafish (Danio rerio) were kept on a 14 h light cycle according to standard procedures (Westerfield, 1994) . Embryos were collected from pair wise matings and raised at 28.58C. Mutations under investigation were maintained either in AB, Tubingen, India, or WIK genetic backgrounds. To determine their genotype, embryos were inspected for morphological defects under a dissecting microscope at 3-5 dpf as previously described (Malicki et al., 1996) . All alleles used in this work were reported previously Granato et al., 1996; Malicki et al., 1996; Drummond et al., 1998) . Complementation testing performed as part of this study revealed that crocodile tw212d is allelic to brudas m148 and tp49d is allelic to elipsa m649
. As the bru m148 allele was isolated nearly 2 years before cro tw212d (Hans Georg Frohnhoefer, Tubingen stock center, personal communication), we chose brudas as the name of this locus. The tz288b allele was originally published without locus name assignment . Upon consultation with the discoverer of the tz288b allele and the Zebrafish Nomenclature Committee, the name oval (ovl) has been given to this locus to reflect eye shape in oval mutant animals. 
Histology
Mutant and wild-type siblings were collected at appropriate time points, fixed in 4% (w/v) paraformaldehyde in PBST (phosphate buffered saline (PBS), 0.1% Tween-20) for 2 h at room temperature or overnight at 48C, washed in PBST for 10 min, and dehydrated in 10-min washes with a graded ethanol series (30, 50, 75, 85, 95% , and two times in 100%). Following overnight infiltration in JB-4 resin (Polysciences, Inc.), embryos were embedded according to manufacturer's directions and sectioned at 3 mm. Sections were collected on Superfrost Plus slides (Fisher, Inc.), dried briefly on a hotplate, stained with methylene blue-azure II for 10 s (Humphrey and Pittman, 1974) , rinsed in water for 10 min, and mounted in Permount (Fisher, Inc.). Subsequently, they were analyzed with a Zeiss Axioscope microscope (Zeiss, Inc.) using DIC optics. Images were recorded using a SPOT digital camera (Diagnostic Instruments, Inc.) and processed using Photoshop software (Adobe, Inc.).
Electron microscopy
Embryos were fixed in 4% (w/v) paraformaldehyde/2% glutaraldehyde in 75 mM phosphate buffer (pH 7.2) for 2 h on ice, decapitated with a razor blade, and postfixed with 2% osmium tetroxide in 50 mM phosphate buffer (pH 7.2). After washing in ice-cold 50 mM maleate buffer (pH 5.9) for 15 min, specimens were stained 15 min with 2% uranyl acetate in ice-cold maleate buffer. Specimens were then dehydrated in 10-min steps through a graded ethanol series as above, infiltrated in a graded Epon/propylene oxide series for several hours to overnight, and embedded in Epon (Polysciences, Inc.). Ultrathin sections were prepared on Formvar coated grids (Fisher, Inc.), and poststained with lead citrate using standard procedures. Analysis was performed using Phillips EM410 and CM10 electron microscopes.
Immunohistochemistry
Embryos were fixed in 4% paraformaldehyde (w/v), washed in PBS, infiltrated in 30% sucrose (w/v) in PBS, and embedded using TBS freezing medium (Triangle Biomedical Sciences, Inc.). Cryosections (20 mm) were heated to 808C for 2 min, air-dried for 60 min, washed in PBS and blocked for 1 h with 10% goat serum in PBD (0.5% Triton X-100, 0.1% Tween-20, 1% dimethyl sulfoxide (DMSO) in PBS). Sections were incubated in primary antibody in block solution for 2-5 h at room temperature or overnight at 48C. The following antibodies and dilutions were used: Fret 43 (1:100; University of Oregon Stock Center), Ret 11 (1:200; University of Oregon Stock Center), anti-rod opsin, anti-UV opsin, anti-green opsin, anti-red opsin, and anti-blue opsin (1:200-1:1000; gift of Tom Vihtelic and David Hyde, University of Notre Dame), and anti-carbonic anhydrase II (1:250; gift from Paul Linser). After washing three times in PBD, sections were exposed to the appropriate combinations of FITC-, Cy3-, or Cy5-conjugated secondary antibodies (1:500; Jackson Labs, Inc.) for 1 h, washed three times in PBD, mounted in 50% glycerol, 2% propyl gallate (Sigma, Inc.) in 0.2 M Tris-HCl pH 8.0, and analyzed using a Leica TCS 4D confocal microscope.
Quantitation of cell survival
Embryos were fixed in 4% (w/v) paraformaldehyde in PBST for 2 h at room temperature or overnight at 48C, and decapitated. Embryonic heads were washed in PBST and water, 10 min each, and treated with prechilled acetone for 5 min at 2208C. Subsequently, embryos were washed in water and in PBST, 5 min each, and incubated with 200 mg/ ml collagenase (C0773; Sigma, Inc.) in PBST for 30 min at room temperature, fixed again (10 min in 4% PFA at room temperature) and washed three times, 5 min each, in PBST. After blocking with 10% goat serum in PBST for 1 h at room temperature, heads were incubated overnight at 48C using opsin or Fret 43 antisera at the dilutions specified above. Washing and secondary antibody detection was carried out as described above. To evaluate the distribution and intensity of staining, specimens were dehydrated, infiltrated, embedded in JB-4 resin, and sectioned at 3 mm as described above, with the following modifications: the percentage of JB-4 catalyst added was decreased to 0.7%, and sections were air-dried and shielded from light to protect fluorophore stability. Alternatively, frozen sections were stained with Fret 43 and anti-opsin antibodies as described above. To perform nuclear counts, plastic sections were immersed for 15 min in 0.2 mg/ml Hoechst 33258 (Molecular Probes, Inc.) in PBD, washed three times 5 min with water, and mounted in glycerol/propyl gallate as described above. Staining was observed on a Zeiss Axioscope microscope (Zeiss, Inc.) equipped with a mercury arc lamp and recorded using a SPOT digital camera as above. Photoreceptor-specific staining was analyzed by confocal microscopy as described above.
Mosaic analysis
Blastomere transplantations were performed as previously described (Ho and Kane, 1990; Westerfield, 1994; Malicki and Driever, 1999) . Donor embryos were injected at the 2-8 cell stage with a 2.5% mixture of biotinand Texas red-conjugated dextrans in a 9:1 ratio (Molecular Probes, Inc.). At late blastula stage, 5-50 cells were removed from a labeled donor with a glass pipette and transferred to an unlabeled host. Incorporation of donor cells into the retinal neuroepithelial layer was scored at 24 h by immunofluorescence, and positive donor and host embryos were analyzed at time points ranging from 3 to 7 dpf. Donor-derived cells were detected using either HRP staining or immunofluorescence. For HRP-detection, donor and host embryos were fixed in 4% paraformaldehyde in PBST for 2 h at room temperature or overnight at 48C, washed in PBST and water, 10 min each, and treated with prechilled 2208C acetone for 5 min. Subsequently, embryos were washed once in water and PBST, 5 min each, and incubated with 100 mg/ml collagenase (Sigma, Inc.) in PBST for 30 min at room temperature. Following a 5-min wash in PBST and blocking with 10% goat serum in PBST for 1 h at room temperature, dextran tracer was detected using 2% (v/v) avidin-biotin HRP complex in block solution for 1 h at room temperature, according to manufacturers' instructions (Vector Labs, Inc.). Signal was visualized using diaminobenzidine (DAB; Sigma, Inc.) as a substrate. Stained embryos were mounted in JB-4 resin, sectioned, and analyzed by light microscopy as above (data included in Table 2 ).
Alternatively, host embryos were cryosectioned and processed for Fret 43, Ret 11, or anti-carbonic anhydrase immunofluorescence as described above, with the additional modification that dextran tracer signal was detected using Cy3-conjugated streptavidin (1:500; Jackson Labs, Inc.) during the secondary antibody step. Immunodetection was a necessity while analyzing wild-type cells in mutant retinae because photoreceptor cells do not develop characteristic elongated morphology in mutant environments. Confocal analysis of mosaic clones was carried out as above.
